The paper deals with measurement of the deformation field in the internal structure of trabecular bone. The strain field is determined from time-lapse tomographic measurements, where a sample of trabecular bone is compressed and its internal microstructure is simultaneously scanned using X-ray microtomography. For the imaging a novel micro-CT system suitable for imaging of a sample under applied load has been used. A digital image correlation method is applied to the acquired image data to calculate the displacement and strain fields in the microstructure. The acquired data provides reliable basis for verification of our microstructural Finite Element models.
Introduction
For the verification of microstructural Finite Element models of trabecular bone architecture it is necessary to have reliable experimental data. To enable comparison between the strains predicted using finite element models of the microstructure and real deformation behavior of the trabecular microarchitecture a precise and reliable method for measurement of three-dimensional strain field is essential. Time lapse microtomography of a sample under continuous deformation provides detailed information about the failure mechanism of individual trabeculae. The experiments are essential for validation of existing morphology-elasticity relationships in human trabecular bone [1] , [2] . To enable comparison between the FE models with the experimental micro-CT measurements it is necessary to quantify the three-dimensional strains in the trabecular bone microstructure.
Accuracy and precision of DVC for measuring the strains in trabecular microstructure has not been fully established [3] , but the accuracy has been found to be dependent on the trabecular architecture. The best results in terms of precision and spatial resolution can be achieved using synchrotron light. Time-lapse microtomography using synchrotron light has been used to quantify damage accumulation in trabecular bone [4] . However, it is possible to use polychromatic X-ray radiation and beam hardening procedure [5] , [6] to enhance the spatial resolution to a similar value.
Time-lapse microtomography of a cylindrical sample of bovine trabecular bone was used to acquire highresolution image data. For the image acquisition a photon counting pixel detector Medipix-2 was used. The detector is composed of a semi-conductor sensor layer bonded on to an electronics layer with physical dimensions 14.08mm x 14.08mm. The sensor is equipped with 256x256 pixels, each 55µm square.
The sample was loaded in compression. Maximum compressive strain 10% was applied in 10 strain increments. In each strain increment the deformed internal microstructure has been reconstructed using filtered backprojection algorithm. To assess the displacement field from the reconstructed four-dimensional image data a digital volume correlation method is used. Accuracy of the method is evaluated using both simulated and real measurement data. The simulated data are created using the volumetric image data from the undeformed sample. The image data are artificially distorted (uniform displacement, uniform shear) using image algorithms. Precision and accuracy of the method is quantified both for the artificial and real data from the time-lapse microtomography. Influence of the size of the image subvolumes used for the tracking for the accuracy of the method is also addressed. In summary, the combination of time lapse microtomography and precise mechanical testing is a powerful method for assessment of the morphology-elasticity relationship of trabecular bone. The method is suitable for assessment of trabecular bone failure and can be readily used for validation of FE models of trabecular microstructure.
Material and Methods

Sample Preparation
Trabecular bone sample was extracted from porcine proximal femoral head using a hollow diamond drill. During the drilling the cylindrical sample (height 10mm, diam-
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Biomedical Engineering (BioMED 2010) eter 10mm) was constantly irrigated with a saline bath. Top and bottom sides of the sample were carefully cut to preserve planparallel planes using a precise saw (Buehler, Inc.). Subsequently the bone marrow was extracted from the sample using a solution of 0.2% hand soap and water using a sequence of ultrasonic baths (n=5, temperature kept below 40 o C). Finally, the sample was rinsed with clean water. The presence of bone marrow was checked using a light microscope. The sample was carefully fixed in the loading device. A special care was paid to proper alignment of the sample in the loading axis.
Mechanical testing
To record the deformation during the loading a special loading device has been developed. The device is designed using non-metallic material for its loading frame to enable direct placement in the micro-CT system. An important part of the loading system is a specimen chamber which can be filled with physiological solution in which biological specimens must be kept during the scanning to avoid drying. The chamber is also made using a material with very low absorption of X-rays. A stepper motor combined with a harmonic drive with very high gear ratio enable to achieve maximum loading force 2 kN. The loading device with the mounted sample was placed on a rotating table controlled by stepper motors (see Fig. 1 ). 
Time-lapse microtomography
The sample fixed in the loading device was placed in custom X-ray microtomography device (Institute of Theoretical and Experimental Physics, Czech Technical University in Prague). The loading device was positioned on a rotating table controlled by stepper motors. High resolution tomographic experiments were performed using X-ray tungsten microfocus tube with divergent cone beam (5m spot, Hamamatsu Photonics, L8601-01) and charge integrating X-ray flat panel sensor (photo-diode array coupled to CsI:Tl scintillator). The sensitive area of the detector is composed of 2240×2344 square pixels with 50µm pitch and it has physical dimensions of 120×120 mm (Hamamatsu Photonics, C7942CA). For the measurements folowing setup was used: tube current 142 uA, acceleration voltage 70.2 kV, time for one projection: 7 x 0.5s. The first tomography of the undeformed sample was acquired with full 360 degree rotation (in 1 deg increments). The load was then applied gradually in 1% strain increments and complete tomography of the sample was taken in 180 projections in each strain increment. The total applied strain was 10%. 
Image reconstruction
The signal data obtained from the detector were first preprocessed to compensate the heterogeneity in the detector response, the drift in the X-ray flux intensity and to subtract the dark current and correct the defective pixels of the detector. To reconstruct the sample inner structure projections from the first (undeformed) tomography scanning were used. Feldkamp-Davis-Kress (FDK) algorithm [7] was used to reconstruct the volumetric image data. The FDK algorithm is a non-exact (approximate) algorithm and therefore the reconstructed image data deviate in the areas distant from the mid-plane. However, for the small cone angle used in our experimental setup, the deviation is mod-erate and acceptable for the subsequent image correlation. 
Strain field evaluation by image correlation
The volumetric image dataset was divided into smaller subregions on which the image correlation algorithm was applied. The reason for applying the algorithm to smaller volumes (instead to the whole volumetric dataset) is due to limited computational resources. The algorithms were also tested withe the whole volume and 2 × 2 × 2 binning, but with worse results. In the correlation, the volumetric image dataset is first divided into subvolumes (correlation volumes). The displacement vector of each correlation volume is found by minimizing the cross-covariance function. The method is based on matching sub-regions of 3-D image data from two successive tomographic measurements. The volume is divided into smaller voxel subvolumes where a Cartesian grid of markers is created. Position of each marker is traced using an image correlation method based on maximizing the correlation coefficient ρ. This is done by minimization of a special function σ:
Results
For every deformation step the displacement and strain fields were calculated from the volumetric image data. First the image data are interpolated using a four-point cubic interpolation. The interpolation enables to calculate the displacement fields with subpixel (subvoxel) accuracy. It is needed to be stated here, that the displacement is calculated only at the center of each image subvolume. The reference (undeformed) image is used to calculate the displacements in the subsequent image using a linear deformation assumption. The position (x, y) in the reference image is linked to the new position (x , y ) using following:
The special function σ is therefore a function of nine mutually independent variables. These variables form a vector which forms the basis for the minimization technique applied: The speed of the minimization approach is strongly dependent on the choice of the initial starting position of the vector λ 0 . The starting vector is chosen with zero values for the terms with partial derivatives. To calculate the strain fields from the displacements we use a tetrahedralization approach to enable for easy visualization of the results (using methods known from the finite element software). A meshing technique based on Marching Cubes Algorithm [8] is first applied. The method divides the trabeculae into tetrahedral elements for which the strain fields are calculated from the known displacements using standard FE approach based on shape functions. Therefore the displacements need to be evaluated at the nodal points. To develop the reference FE mesh, the undeformed image data set is used. 
Conclusion
A novel experimental setup combining in situ compression/tension loading device with modern X-ray imaging system has been developed and successfully tested. Using the experimental setup it was possible to recover three dimensional strain field in a complex three-dimensional material structure. Real time microCT of trabecular bone under loading is a promising technique to study its pre and post-yielding behaviour. Projections obtained during the scanning can be used to develop FE models of the inner structure. Response of the FE model developed from the CT slices needs to be compared to measured deformation. This can be achieved using a digital volume correlation method which provides three-dimensional strain field. Described procedures are promising in general for detail analysis of deformation behavior of materials with complex inner structure, not only herein described trabecular bone.
